(ILI) and medically attended acute respiratory illnesses by 6%-14% in vaccinated children and 8%-28% in unvaccinated children and the community [8, [11] [12] [13] [14] . These rates are likely underestimated as outcomes were based on ILI-related symptoms without laboratory confirmation of influenza or other viruses. To our knowledge, this study is the first to evaluate the effectiveness of SLV by active surveillance for ILI with polymerase chain reaction (PCR) confirmation for influenza in cohorts of children attending schools with and without SLV programs.
METHODS

School-Located Vaccination Program for Influenza
Eight elementary schools (grades K-6) in 2 noncontiguous Los Angeles County (LAC) school districts were identified and paired based on enrollment size and sociodemographic data assessed from the California Department of Education. These schools serve lower and middle class communities of mostly first-and second-generation immigrants, 70%-90% of whom live in single-family homes. School administrators chose the more socioeconomically disadvantaged school of each pair as the SLV intervention school for the 2010-2011 school year.
Both trivalent (TIV) and live attenuated influenza vaccine (LAIV) , were offered free-ofcharge to all children aged ≥5 years who were attending intervention schools [15] . The vaccine matched 94.0%-99.8% of strains circulating in LAC that season [16, 17] . Vaccines were supplied by the LAC Department of Public Health (LACDPH) or the Vaccines for Children Program. The SLV program preferentially gave LAIV due to ease of nasal administration to children. Permission for vaccination was not specific for vaccine type; TIV was administered if parents requested the injection vaccine or if a child had contraindications to the live vaccine. A packet consisting of a vaccine information statement (VIS), a vaccination and respiratory virus testing consent form, and an influenza information sheet was sent to parents 3 times between September and December. Personal and automated phone calls served to remind parents to turn in consent forms. Parents in control schools received the packet without VIS and vaccination consent forms 3 times.
SLV clinics were held on site at each intervention school between October 2010 and December 2010. School nurses or a nonprofit, hospital-based mobile health nurse administered the vaccines [18] . Vaccination status was recorded in the California Immunization Registry (CAIR) for the Los AngelesOrange County region. Children were considered "vaccinated" if they received influenza vaccine through the SLV program or if vaccination at a community site was documented in CAIR between August 2010 and May 2011. Sixty-two percent and 45% of providers in the surrounding communities of districts 1 and 2, respectively, used CAIR.
Influenza Surveillance
The period of active surveillance was determined by LACDPH prospective viral surveillance from 9 sentinel sites located throughout LAC [16] . We predetermined that active surveillance for ILI would begin in schools when ≥5% of community specimens tested positive for influenza and end when ≤5% tested positive. ILI was defined as fever (temperature ≥100.4°F) or feverishness and at least 1 of the following: cough, sore throat, runny nose, nasal congestion, headache, earache, wheezing, muscle aches, chills, anorexia, vomiting, or diarrhea [19] . Respiratory specimens were obtained from all children who presented with ILI to the school nurse's office. Absent children were called to determine the reason for absence and a same-day home visit was scheduled to obtain swabs if the child's symptoms met the ILI case definition. Children missed during absence were swabbed upon return to school if they returned within 3 days of fever onset. Specimens were collected and analyzed for each distinct ILI episode, defined as no symptom overlap for ≥7 days. A short parent interview was conducted on the day of specimen collection to assess symptoms, date of onset, household characteristics, and attitude toward influenza vaccination for the following year.
Respiratory Specimen Collection and Laboratory Analysis
A combined nose and throat specimen was collected by trained study personnel using a single flocked swab and placed in RNAlater (Ambion, Austin, TX). Laboratory technicians blinded to the child's vaccination or school intervention status isolated nucleic acid from samples using NucliSENS easyMAG or mini-MAG (bioMérieux Corporation, Durham, NC). Multiplex reverse transcription-PCR (RT-PCR; Luminex xTAG respiratory virus panel, Luminex Corporation, Austin, TX) was performed for 12 viruses including influenza A (with subtype H1 and H3), influenza B, respiratory syncytial virus (subgroups A and B), parainfluenza virus (types 1, 2, and 3), rhinovirus, adenovirus, and human metapneumovirus. Specimens positive for influenza A and negative for subtypes H1 and H3 were presumed to be 2009 H1N1 based on the epidemic strains in LAC during the surveillance period [16] .
Absenteeism
Each school provided absentee logs. The first 2 months of the school year were used to define the baseline absentee rates. Reason for absence was recorded as illness or nonillness and with or without fever if reported by parents. For school administrative purposes, days of absence did not include the day a child is sent home early from school with illness.
Outcomes
The primary outcome of this study was PCR-confirmed influenza among cohorts of children in intervention schools compared with those in control schools. Secondary outcomes were rates of ILI, symptoms, and school absenteeism. We also assessed indirect protection in unvaccinated cohorts attending intervention schools vs control schools. In a post-hoc analysis, intervention schools were divided into those with approximately 30% vaccination coverage (VC) and those with nearly 50% VC.
Statistical Analysis
For the power analysis, we estimated 35% VC in intervention schools, 5% VC in control schools, 30% ILI attack rate, and 40% influenza PCR positivity based on our 2009-2010 pilot study. Approximately 4100 children would allow detection of ≥30% influenza risk reduction with 80% power and 2-sided alpha significance level of 0.05.
Categorical and continuous variables were compared using Pearson χ 2 and independent sample 2-tailed t tests, respectively.
Wilcoxon signed-rank test was used to compare nonparametric data. For assessment of clinical effectiveness, point estimates and 95% confidence intervals (CI) for the incidence rate ratios (RRs) were calculated. Effectiveness or reduction in laboratoryconfirmed influenza illness was equal to (1 − RR) × 100%. Multiple logistic regression analysis was used to determine risk factors for PCR-confirmed influenza. Statistical analyses were performed using SPSS version 19.0 (IBM Corp., Armonk, NY). All tests were 2-tailed with a significance level of 0.05. Both school districts and the institutional review boards at Children's Hospital Los Angeles and LACDPH approved the study.
RESULTS
Study Participants
Of 4540 children enrolled during the school year, we excluded 75 children not enrolled during the surveillance period and 10 children enrolled in the Head Start Pre-kindergarten Program at 1 school, leaving 4455 children in the final analysis. Children in SLV intervention and control schools had similar characteristics (Table 1) . Although socioeconomic disadvantage status was higher in the intervention schools, household characteristics and baseline absenteeism were similar among children who developed ILI symptoms and were tested for influenza.
Influenza Vaccination
The SLV programs vaccinated 774 of 2368 (32.7%) children attending intervention schools (range, 24.7%-45.1%; Figure 1) ; 131 (16.9%) received TIV and 643 (83.1%) received LAIV. An additional 39 (1.6%) children had documented receipt of influenza vaccine in CAIR. Thus, 813 (34.3%) children (range, 26.9%-46.6%) received influenza vaccine in intervention schools. Age, gender, and race/ethnicity of vaccinated students were similar to the distribution among enrolled students. In control schools, 2.7% (range, 0.8%-4.3%) of children had influenza vaccine documentation in CAIR from a community site.
Surveillance and Respiratory Specimen Collection
During active surveillance conducted from 1 January 2011 to 15 April 2011, while influenza activity was present in LAC, 1023 episodes of ILI in 898 children (20.2% of enrolled children) were detected for which respiratory swabs were obtained. One hundred fourteen children experienced 2 episodes, 9 experienced 3 episodes, and 2 had 4 episodes of ILI. Specimens were collected from 927 (47.3%) of 1959 episodes of school absences due to fever during the surveillance period. Swabs were obtained from the same proportion of febrile absent episodes in intervention and control schools (47.3% vs 47.4%; P = .976).
Laboratory-Confirmed Influenza
Of 1023 episodes of ILI, 1021 respiratory specimens were available for PCR testing (Figure 2A and 2B For all enrolled children, attending schools with SLV intervention reduced influenza rates by 30.8% (95% CI, 10.1%-46.8%) compared with control schools (Figures 2B and 3A) . Children attending the school with 50% VC, regardless of vaccination status, were 59.4% (95% CI, 28.6%-76.9%) less likely to acquire influenza compared with children in control schools. Influenza rates among unvaccinated children were reduced in the 50% VC school by 54.5% (95% CI, 8.0%-77.5%) compared with the control schools and 51.9% (95% CI, 1.2%-76.6%) compared with the 30% VC schools ( Figure 3B ). Unvaccinated children attending control schools and 30% VC schools had similar rates of influenza.
Vaccine effectiveness against PCR-proven influenza in any child attending any school in this study was 67 received TIV, 6 (37.5%) received LAIV, and 2 (12.5%) did not have vaccine type recorded in CAIR; 10 (62.5%) had influenza B, 5 (31.3%) had influenza A H1N1, and 1 (6.3%) had influenza A H3. In a logistic regression model that included vaccination status, school intervention status, age, class size, gender, and ethnicity, only lack of influenza vaccination was a significant predictor of acquiring PCR-positive influenza (RR, 3.12; 95% CI, 1.86-5.21).
Influenza-like Illness
A trend toward higher frequency of ILI was suggested in control schools compared with intervention schools (21.4 vs 19.1%; P = .058; Figure 4 ). Significantly more ILI occurred in the control schools (21.4%) and schools with 30% VC (20.7%) compared with 50% VC (14.0%; both P < .001). The epidemic curve flattened as VC increased.
Presenting Symptoms
Supplemental Table 1 shows differences in presenting symptoms in children with and without PCR-confirmed influenza. Children with PCR-confirmed influenza suffered a longer duration of illness compared with those with ILI from other causes (3.3 vs 2.7 days; P < .001). When parents of the children with ILI were asked if they would vaccinate their child at school in the following year, 587/795 (73.8%) would provide consent, 127 (16.0%) would not, and 81 (10.2%) did not know.
Absenteeism
A total of 7861 episodes of school absences, including 4974 (63.3%) with known illness and 1959 (24.9%) with parent report of fever, occurred during the 15-week surveillance period. Children missed between 0 and 13 days per absence episode. All-cause absentee rates among all enrolled children were higher in control schools compared with SLV intervention schools (4.2 vs 3.9 days per 100 school days; P = .020). Fewer children in control schools had zero days of absenteeism compared with those in SLV intervention schools (549 [26.3%] vs. 793 [33.5%]; P < .001). Unvaccinated children missed more school days compared with vaccinated children during the surveillance period (4.3 vs 2.8 per 100 school days; P < .001). Children who tested positive for influenza missed more school days per episode compared with those with other causes of ILI (2.3 vs 1.9 days; P < .001).
DISCUSSION
This study is the first to provide laboratory-confirmed validation of the effectiveness of an SLV program. With active ILI surveillance and influenza PCR confirmation, we found that vaccination of at least a quarter of school enrollees lowered the incidence of influenza by more than 30%. Even though disease activity is expected to rise in all schools, SLV programs decreased the height of the number of illnesses, an important goal of public health interventions for easing manageability of the epidemic. The study fills the gap posed by existing studies that only assess ILI as a nonspecific outcome [8, [11] [12] [13] [14] . Prevention of influenza illness in children interrupts transmission to household members and the community [5, 11, 13, 20] and is the optimal strategy for minimizing disease burden during influenza season and pandemics [3, 21] . Evidence for direct and indirect protection among schoolchildren conferred by vaccination through SLV programs further validates this strategy.
Vaccination resulted in 67% direct effectiveness against influenza. Our result falls within the range of vaccine effectiveness estimates demonstrated in other studies during the same season [22, 23] . Having the option of both LAIV and TIV is important for SLV programs [9, 24] , although several pediatric studies have shown superior efficacy of LAIV compared with TIV [25] [26] [27] [28] [29] . Nearly two-thirds of the vaccine failures in this study were due to influenza B. We did not subtype the influenza B strains. Use of the newer quadrivalent vaccines that target 2 B strains may prevent more infections in vaccinated children [30, 31] .
Indirect protection also was observed in our study. Vaccination of nearly 50% of a school's enrollees conferred 54% indirect protection to unvaccinated children. This vaccination percentage falls within the estimated crude herd immunity threshold for influenza of 30%-80%, although the threshold is likely to vary greatly between strains [20, 32] . While many SLV programs set a vaccination goal of 50%, this goal is difficult to achieve [9, 24] . Despite substantial efforts to promote our SLV program, we did not reach our desired target of 50% vaccination in all schools. SLV in published studies ranges from 5% to 73% [9] . Even among parents of children with active ILI symptoms in this study, more than a quarter remained undecided or against vaccination. To improve parental consent, additional research is needed in order to determine how to change parental perception about risk and severity of influenza illness vs benefit and risk of vaccination. In addition, full support of the school administration and school nurses along with partnership with local health departments are important for successful programs [9, 18] .
Unvaccinated children attending any school acquired influenza more than 3 times more often and missed more days of school than their vaccinated peers. Furthermore, children with confirmed influenza suffered more symptoms for longer duration and missed more days of school per episode compared with children with noninfluenza respiratory viral infections. School attendance is important for a child's educational and social development. Studies have shown that school performance declines as absenteeism increases [33] , and more instructional time would increase student performance on standardized tests [34] . Absenteeism also results in lost revenue to public schools due to attendance-based funding distribution laws in many states [35] .
We acknowledge that limitations exist in this study. It was conducted over a single influenza season. The school districts enrolled a large proportion of Hispanics and Asians and fewer whites and blacks; also, most families were socioeconomically disadvantaged. These aspects may affect generalizability of the results, particularly to schools with high-income families that may have fewer household members and less crowding. However, schools are the primary site where children contact each other and spread influenza; our study documents influenza reduction by vaccination in schools. More socioeconomically disadvantaged children attended SLV intervention schools. Lower socioeconomic status has been associated with higher rates of influenza illness and complications [36, 37] . Therefore, we may have seen more influenza in those children due to differences in economic status, skewing the data toward a lower effectiveness of SLV programs. Despite this limitation, we still saw protection of children attending schools with SLV programs. Using CAIR likely underestimated VC in both control and intervention schools. The potential for misclassification of children who received vaccine elsewhere cannot be quantified. Therefore, the best comparison is between all children at intervention and control schools where we found more than 30% reduction in influenza. However, the comparison of unvaccinated children must be interpreted with caution.
With the final enrollment numbers, ILI attack rate, and influenza PCR-positivity rate, the study was underpowered ( power = 62%, alpha = 0.05), yet we still found a significant reduction in influenza illness in SLV intervention schools. We likely would have identified more influenza cases if surveillance had started prior to the schools' winter break and prior to detection of influenza in LAC [5] . Higher rates of illness may have further emphasized differences between intervention and control schools. Nasopharyngeal aspirates have been considered the specimen of choice for influenza detection. Combined nasal/throat swabs were performed for convenience in the school or home setting. Moreover, the diagnostic yield of combined nose/throat swabs is similar to or higher than that of nasopharyngeal aspirates in pediatric and adult studies using RT-PCR [38, 39] . The ILI case definition was purposefully broad to capture all possible influenza cases. However, the broad definition may partially explain why the very sensitive multiplex RT-PCR did not detect a respiratory virus in two-thirds of children with ILI. We may have missed children with more severe illness who were absent from school, scheduled a doctor's appointment, or declined a home visit. To our knowledge, there were no children hospitalized with influenza illness.
Vaccination of schoolchildren is the most effective way to reduce influenza illness each year. SLV programs allow for increased opportunities for vaccination to confer direct and herd immunity among children that will lead to indirect protection of the community. Public health departments and schools must work together to inform parents and provide organized, efficient SLV programs in order to reach a target VC of 50% or greater.
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